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The objective of the present study was to measure the differences in body composition, adipose tissue gene expression, blood metabolite and

hormone concentrations, and insulin sensitivity in kittens exposed to high-protein (HP) or high-carbohydrate (HC) nutrition in utero and through

the growth period. Eight dams were randomised onto two test diets, and fed the diets throughout gestation and lactation. Male offspring were

evaluated for 9 months. Kittens were weaned at 2 months of age onto the same treatment diet as the dam and were allowed to consume diets

ad libitum. The HC diet contained 34·3 % crude protein (CP), 19·2 % fat and 30·8 % digestible carbohydrate, while the HP diet contained

52·9 % CP, 23·5 % fat and 10·8 % digestible carbohydrate. Blood samples were collected at 6 months after birth. Body composition was determined

at 2 and 8 months of age and an intravenous glucose tolerance test, neutering and adipose tissue biopsy conducted at 8 months of age. Physical

activity was quantified at 6 and 9 months. Energy intake, DM intake and body weight were not different between groups. At 2 months, blood TAG

were greater (P,0·05) in kittens fed the HP diet. At 8 months, blood leptin was higher (P,0·05) in kittens fed the HC diet, while chemokine

receptor 5, hormone-sensitive lipase, uncoupling protein 2, leptin and insulin receptor mRNA were greater (P,0·05) in kittens fed the HP

diet. The present results demonstrate some of the changes in blood metabolites and hormones, physical activity and mRNA abundance that

occur with feeding high protein levels to kittens.

Kittens: Protein: Glucose tolerance: Maternal programming

The natural diet of small felids is based primarily on
small rodents and birds. Thus, cats have evolved to become
obligate carnivores able to efficiently utilise large amounts
of dietary protein. Adult cats require approximately two to
three times more protein than adult omnivores, while kittens
require approximately 1·5 times more protein than young
non-carnivorous species(1). It is well documented that omni-
vorous species are able to conserve amino acids by reducing
the activity of enzymes related to amino acid metabolism
when fed low-protein diets(2,3); however, cats are unable to
reduce urea cycle enzyme activities when fed diets below
the protein requirement(4), thereby allowing them to dispose
of excess nitrogen when high-protein (HP) concentrations
are consumed, but little ability to adjust with dietary changes.

Today’s domestic cats are often fed diets containing large
amounts of digestible carbohydrate. The dietary protein:carbo-
hydrate ratio has been suggested as a contributor of obesity in
many species(5) and decreasing this ratio is often blamed by

some for the increasing incidence of feline obesity, but with-
out data supporting this belief. Feline diets containing protein
levels well above the established metabolic requirement have
been shown to increase heat production in lean cats(6), main-
tain insulin sensitivity of fat metabolism in obese cats(6) and
maintain lean body mass during weight loss(7). Feeding 18 %
protein v. 12 % protein diets to pigs resulted in greater blood
lipid concentrations and adipose and skeletal muscle
expression of genes associated with fatty acid metabolism(8),
and decreased adipose tissue accumulation(9).

Beyond the use of HP diets (.50 % crude protein, CP) in
adult cats, their use in kittens and pregnant and lactating
cats has been limited. It is well known that the maternal diet
can greatly influence the offspring’s metabolism later in life.
For example, in rats and sheep, energy- or protein-deficient
diets of the dam have been reported to lead to a greater
propensity for insulin resistance in the offspring(10,11).
Rats prenatally exposed to HP diets have decreased physical
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activity levels compared with rats exposed to an adequate-
protein diet prenatally(12). Because Daenzer et al. (12) reported
decreased energy expenditure in rats exposed to a HP diet
prenatally, one goal of the present study was to determine
whether prenatal and postnatal HP exposure affected voluntary
physical activity in cats. Although complete and balanced
commercial feline diets contain the recommended protein
concentrations for kittens or reproducing females as suggested
by the Association of American Feed Control Officials (30 %
CP, DM basis)(13), they are often lower than what a small felid
would consume in the wild (rat carcass 55 % CP on DM
basis)(14). Furthermore, very few studies have been conducted
to test the occurrence of metabolic changes in cats as it
pertains to maternal nutrition.

Therefore, the objective of the present study was to measure
the differences in body composition, adipose tissue gene
expression, blood metabolite and hormone concentrations,
and insulin sensitivity in kittens exposed to HP or high-
carbohydrate (HC) nutrition in utero and through the growth
period. We hypothesised that HP-fed kittens would have a
greater lean body mass and decreased adipose tissue accumu-
lation, leading to increases in gene expression and blood
metabolite concentrations associated with improved insulin
sensitivity as compared with HC-fed kittens.

Materials and methods

Animals

Queens. Eight domestic shorthair female cats (3·5 (SEM 0·24)
kg body weight (BW); 1·3 (SEM 0·02) years of age) and one
male domestic shorthair cat (5·8 kg; 1·3 years of age) were
used to generate offspring (Liberty Research, Inc., Waverly,
NY, USA). Dams were randomly allotted to two test diets,
1 month before mating and were maintained on these diets
throughout gestation and lactation in a completely randomised
design. The tom was fed the HP diet to maintain BW during
mating. During the mating phase of the study, as many as
four female cats were allowed to roam freely in a room with
the male to facilitate breeding.

Kittens. Six females had litters (four cats fed HC; two cats
fed HP). Of these litters, seventeen male kittens were born (ten
HC kittens; seven HP kittens). All kittens fed the HP diet were
utilised for further study. Of the HC-fed kittens, the eight
kittens having the most similar birth weights were utilised
for the study. Thus, a total of fifteen male kittens were studied
over the first 9 months of life (eight kittens fed HC; seven
kittens fed HP). One kitten died under anaesthesia during
neutering (8 months) from the HC group. Therefore, an intra-
venous glucose tolerance test (IVGTT) was not performed on
this kitten or utilised in statistical analyses. Kittens were
allowed to consume food and water ad libitum throughout
the study. Food intake was measured daily following weaning
(per pen); BW were measured at birth and weekly thereafter.
All kittens were neutered at 8 months of age at the same time
biopsy samples were collected.

Kittens were either pair- or triple-housed after 16 week of
age and throughout the study. Beginning at 4 months of age,
kittens were acclimated to a daily exercise schedule to allow
for evaluation of voluntary physical activity as described by
Belsito et al. (15). Briefly, kittens were allowed access to diet

in cages (1 m £ 0·76 m £ 0·70 m) for 7 h/d and were group
housed in a room (9 m £ 7·32 m £ 3·96 m) with no access
to diet for 17 h/d. All animal procedures were approved by
University of Illinois Institutional Animal Care and Use
Committee before animal experimentation.

Dietary treatments

Two dry extruded kibble diets containing varying protein
concentrations were evaluated in the present study. Dietary
ingredient and chemical composition are provided in Table 1.
Diets were manufactured by Natura Manufacturing, Inc.
(Fremont, NE, USA). These diets were formulated to represent
commercially available diets (e.g. ingredient inclusion, macro-
nutrient profile) with varying macronutrient composition;
however, dietary protein concentration constituted the greatest
difference between diets.

Diet samples were ground with dry ice through a 2 mm
screen in a Wiley mill (model 4; Thomas Scientific,
Swedesboro, NJ, USA) in preparation for chemical analyses.
Diets were analysed for DM and organic matter according to
Association of Official Agricultural Chemists(16). Crude

Table 1. Ingredients and chemical composition of diets fed to dams
and kittens

Item High carbohydrate High protein

Ingredients (%, as fed)
Chicken meal 30·84 64·79
Potato product 40·38 10·69
Chicken fat 12·79 8·57
Dried egg 5·00 5·00
Herring meal 5·00 5·00
Beet pulp 3·00 3·00
Natural flavours 1·00 1·00
Herring oil 0·34 0·66
Premium cat vitamin premix*,† 0·65 0·65
Salt 0·25 0·25
Premium cat mineral premix*,‡ 0·15 0·15
Potassium chloride 0·39 0·10
Dried chicory root 0·10 0·10
Dried natural antioxidant 0·03 0·05
DL methionine 0·07 0·00

Chemical composition (% DM)
DM (%) 94·22 94·83

Organic matter 91·28 89·19
Crude protein 34·34 52·88
Acid hydrolysed fat 19·23 23·50
Total dietary fibre 6·88 2·01
Gross energy (kJ/g) 21·80 23·18
Calculated ME§ (kJ/g) 18·4 20·1

* Trouw Nutrition (Highland, IL, USA).
† Composition of mineral premix (g/kg mix): CaCO3, 360·2; ZnSO4; 208·3;

OPTiMIN (Trouw Nutrition) Zn proteinate (15 % Zn; Trouw Nutrition), 166·7;
FeSO4, 77·4; OPTiMIN Fe proteinate (15 % Fe), 53·3; CuSO4, 35·7; OPTiMIN
Cu proteinate (10 % Cu), 3·0; MnSO4, 23·4; OPTiMIN Mn proteinate (15 % Mn),
16·7; Se, 12·0; carrier (soyabean oil), 10·0; OPTiMIN Co proteinate (2·5 % Co),
3·8; I, 1·8; CoCO3, 0·6.

‡ Composition of vitamin premix (g/kg mix): carrier (pea fibre), 728·4; CaCO3,
170·9; vitamin E 50 % adsorbate, 40·0; betaine (source of choline), 26·0; carrier
(soyabean oil), 10·0; nicotinic acid, 9·6; vitamin A, 4·0; D-calcium pantothenate,
2·7; vitamin B1 thiamine mononitrate, 2·7; vitamin B2 riboflavin, 1·25; b-carotene,
1·0; vitamin B12, 1·0; vitamin D3, 0·8; biotin, 0·7; vitamin B6 pyridoxine, 0·7; folic
acid, 0·2.

§ Calculated according to NRC(45), predictive equations for metabolisable energy in
cat foods for prepared cat foods using total dietary fibre.
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protein was determined according to Association of Official
Agricultural Chemists(17) using a Leco Nitrogen/Protein
Determinator (model FP-2000; Leco Corporation, St Joseph,
MI, USA). Fat concentrations were determined by acid
hydrolysis(18) followed by diethyl ether extraction(19). Total
dietary fibre was determined according to Prosky et al. (20).
Gross energy was determined by use of a bomb calorimeter
(model 1261; Parr Instrument Co., Moline, IL, USA). All
analyses were performed in duplicate. Samples with a 5 %
or greater variance were re-analysed until this level of
variance was achieved for all analyses.

Blood sampling

Food-restricted blood samples were collected via femoral
venepuncture at 2 and 6 months of age. At 2 months of age,
kittens were food-restricted for 4 h to limit the time away
from the dam and minimise stress. At 6 months of age, all
kittens were food-restricted for 12 h before blood collection.
Samples were analysed for NEFA and TAG concentrations.
Total serum ghrelin, plasma leptin and serum metabolites
and hormones were analysed at 6 months of age. Blood was
immediately transferred to appropriate Vacutainer tubes
(Becton Dickinson, Franklin Lakes, NJ, USA) for plasma
and serum sampling. All tubes were placed on ice until cen-
trifugation. All samples were centrifuged within 30 min of col-
lection (1100–1300 g for 15 min at 48C). After centrifugation,
supernatant was collected and stored at 2808C until further
analyses.

Serum metabolite concentrations were determined using a
Hitachi 911 clinical chemistry analyser (Roche Diagnostics,
Indianapolis, IN, USA). Plasma leptin concentrations were
determined using a multi-species leptin radio labelled
immunoassay RIA kit (LINCO Research, St Charles, MO,
USA). Following a 10-fold dilution, total serum ghrelin was
determined using a total ghrelin (rat, mouse) enzyme immu-
noassay kit (Phoenix Pharmaceuticals, Inc., Burlingame, CA,
USA). The leptin and ghrelin kits were previously validated
for use in our laboratory using parallel determination
from increasing dilutions of plasma or serum of at least
three cats(15).

Body composition

Lean mass, fat mass and bone mineral mass were determined
at 2 and 8 months using dual-energy X-ray absorptiometry,
which was previously validated in cats(21). Cats were placed
in ventral recumbency while under sedation and body
composition was analysed using a Hologic model QDR-4500
Fan Beam X-ray Bone Densitometer and software (Hologic
Inc., Waltham, MA, USA). At 2 months of age, kittens
were sedated using ketamine (11 mg/kg intramuscular) and
diazepam (0·5 mg/kg intramuscular). At 8 months of age,
dual-energy X-ray absorptiometry was conducted immediately
following gonadectomy while still sedated.

Physical activity level assessment

Voluntary physical activity levels were evaluated using
Actical activity collars (Mini Mitter, Bend, OR, USA),
which were worn about the neck for seven consecutive days

at 6 and 9 months of age, validated for use in research
cats(22). Collars contain omnidirectional sensors capable of
accurately incorporating both intensity and duration of
movements. Upon removal of the collars, data were
analysed, compiled and converted into arbitrary numbers
referred to as ‘activity counts’ by Actical software. Average
activity was presented in activity counts per epoch (epoch
length ¼ 0·25 min). Actical software allowed for the determi-
nation of average activity counts per epoch during light and
dark periods without human interference. Cats were main-
tained on a strict exercise schedule. Cats were pair- or
triple-housed in cages during the following times, 08.00–
09.00, 10.00–12.00, 15.00–19.00 hours, where they had ad
libitum access to food. All other times, cats were allowed to
exercise together, with no food available.

Gonadectomy, adipose biopsy and catheter placement

Food was withheld for at least 8 h before gonadectomy.
Kittens were given free access to water. Kittens were sedated
with butorphanol (0·2 mg/kg), atropine (0·04 mg/kg) and
medetomidine (0·02 mg/kg), and anaesthesia was maintained,
if necessary, with isoflurane in 100 % oxygen. Immediately
following gonadectomy, a 1 g biopsy of subcutaneous adipose
tissue was collected along the ventral side of the body cavity.
Samples were flash-frozen in liquid nitrogen and stored at
2808C until further analyses.

Jugular catheters (19 gauge, 20·3 cm; Becton Dickinson and
Company, Franklin Lakes, NJ, USA) were placed at 8 months
of age, which were used to conduct the IVGTT. Once in place,
the catheters were held with Zonas porous tape and secured
with vet wrap to prevent displacement of the catheter. After
taping, the injection cap was exposed for blood collection.
Catheters were flushed once daily with heparinised saline.
Catheters were removed immediately following testing,
which occurred within 36 h of catheter placement.

Intravenous glucose tolerance test

An IVGTT was conducted at 8 months of age as a measure of
insulin sensitivity. The IVGTT is used to identify glucose
intolerance and insulin sensitivity. It is an excellent test to
examine alterations in insulin secretion pattern, an early sign
of b-cell dysfunction in many species, including cats(23).
A 1·5 ml blood sample was collected before and at 2, 5, 10,
15, 30, 45, 60, 90 and 120 min following intravenous admin-
istration of dextrose (0·5 g/kg BW). Blood glucose and
serum insulin concentrations were determined. Glucose was
measured using a Precision G Blood Glucose System
(MediSense; Abbott Laboratories, Abbott Park, IL, USA).
Serum insulin concentrations were determined using a com-
mercial RIA kit (Double Antibody RIA; Diagnostic Systems
Laboratories Inc., Webster, TX, USA), which was validated
in cats by the manufacturer and previously in our laboratory
using parallel determination(15).

Adipose gene expression

Total cellular RNA was extracted from adipose tissue
samples using Trizol (Invitrogen, Carlsbad, CA, USA). The
concentration and purity of RNA were determined using
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an ND-1000 spectrophotometer (Nanodrop Technologies,
Wilmington, DE, USA). Samples were treated with DNA-
free, DNase treatment and removal according to manufacturer
instructions (Ambion, Inc., Austin, TX, USA). Conversion of
RNA to cDNA was performed using methods described by the
ABI cDNA Archive kit (Applied Biosystems, Foster City, CA,
USA). Isolated cDNA was amplified using real time RT-PCR
on an ABI PRISM 7900HT Sequence Detection System
(Applied BioSystems). Gene-specific primers were designed
using Primer Express 2.0 Software (Perkin Elmer, Boston,
MA, USA) or from previous publications(24).

Genes with available mRNA sequence and having roles in
lipid metabolism and transport (PPARg isoform-1
(PPARg1); PPARg isoform-2 (PPARg2); hormone-sensitive
lipase (HSL); lipoprotein lipase), glucose metabolism and
transport (insulin receptor, IR; GLUT1; GLUT4), inflam-
mation (IL-1; IL-6; TNF-a; monocyte chemotactic protein 1;
chemokine receptor 5, CCR5; toll-like receptor 4), and
genes having various roles in adipose tissue (uncoupling
protein 2, UCP2; leptin; adiponectin; vascular endothelial
growth factor; oestrogen receptor 1; plasminogen activator
inhibitor 1) were selected.

The PCR mixture contained 5 ng/ml of cDNA, 15 pmol of
each primer and 5ml SYBRw Green. The final volume was
adjusted to 10ml using sterile deionised water. The 18S
rRNA gene was used as an internal standard. Data analyses
were conducted using with sequence detection system soft-
ware (Applied BioSystems). All target genes were normalised
to 18S before statistical analyses.

Statistical analyses

Statistical evaluation was completed using the Proc Mixed
procedure of Statistical Analysis Systems (SAS, Inc., Cary,
NC, USA). All outcome variables measured over multiple
time points were evaluated as repeated measures. The fixed
effects of time and diet were tested when appropriate, where
the interaction of time and diet was explored if significant.
Data analysed at only one time point was tested for the
fixed effect of diet. Litter size (number of kittens in each
litter) was used in the model as a covariate when analysing
BW of kittens. The number of kittens per pen was utilised
in the model to determine food intake of pair-, or triple-
housed cats. P,0·05 was considered significant, while
P,0·10 was considered a trend.

Results

Body weight gain and food intake

Birth weight was not different between treatments (HC: 120 g;
HP: 108 g). BW was not different (P¼0·7) between treatments
throughout the study, but did increase (P,0·0001) over time
(Fig. 1). Mean BW for both treatments at 9 months was
4·8 kg. DM and energy food intake did not differ due to diet
(P.0·05), but increased (P,0·01) over time to support
growth (Fig. 2).

Blood metabolites and hormones

At 2 months, TAG concentrations were greater (P,0·01) in
kittens fed HP (HP: 0·8 mmol/l, HC: 0·3 mmol/l; data not
shown). NEFA concentrations also tended to be higher
(P,0·10) in kittens fed HP at 2 months (HP: 0·57 mEq/l,
HC: 0·27 mEq/l), and increased (P,0·05) over time in cats
fed both treatments. Serum leptin, chloride and glucose were
higher (P,0·05) in kittens fed HC compared with those fed
HP at 6 months of age (Table 2). Total protein, albumin
and calcium were higher (P,0·01) in kittens fed HP at
6 months of age. Blood urea nitrogen, creatinine, phosphorus,
sodium, potassium, alkaline phosphatase activity, total
bilirubin, bicarbonate and cholesterol did not differ between
treatments at 6 months of age.

Physical activity

HP-fed kittens had similar activity levels during light hours,
but tended (P,0·10) to have greater activity during the dark
period. Total average activity counts were numerically
higher in HP-fed cats, but were not statistically different
between groups due to high variance within each group.
Kittens fed HP had a higher (P,0·05) light:dark activity
ratio compared with kittens fed HC (Table 3).

Body composition

Fat mass, lean body mass and bone mineral mass increased
(P,0·05) over time, regardless of dietary treatment (Table 4).

Fig. 2. Food intake of pair- or triple-housed male kittens fed a high-

carbohydrate (HC) or high-protein (HP) diet. Food intake changed over time

(P,0·01), but did not differ (P¼0·9) due to diet. The number of kittens

per pen was used as a covariate. , HP; , HC.

Fig. 1. Body weights of male kittens fed a high-carbohydrate (HC) or high-

protein (HP) diet. Body weight increased (P,0·0001) over time, but did not

differ (P¼0·7) due to diet. Litter size (number of kittens per litter) was used

as a covariate. , HP; , HC.
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Lean body mass tended to be higher (P,0·10) in kittens fed
HP. Fat and bone mass percentages increased (P,0·05),
while lean body mass percentage decreased (P,0·05) over
time, regardless of dietary treatment. At 2 months of age,
kittens fed HP had a higher (P,0·01) fat mass percentage
and lower (P,0·01) lean body mass percentage than HC-fed
kittens, but there were no differences between treatments at
8 months of age.

Intravenous glucose tolerance test

Glucose concentrations were higher (P,0·05) at 15 min in
kittens fed HP (Fig. 3), but glucose and insulin data at all other
time points were similar between groups. Time to 1/2 glucose,
glucose disappearance rate (k), glucose area under the curve,
insulin area under the curve, peak insulin time, fasting glucose
and fasting insulin were not different (P.0·05; Table 5).

Adipose tissue mRNA

Chemokine receptor 5, HSL, UCP2, leptin and IR mRNA
were greater (P,0·05) in kittens fed HP (Table 6). Expression

of the following genes did not differ (P.0·05) due to diet:
adiponectin; oestrogen receptor 1; GLUT1; GLUT4; IL-1;
IL-6; lipoprotein lipase; monocyte chemotactic protein 1;
PAI-1; PPARg1; PPARg2; TNF-a; vascular endothelial
growth factor. Activity counts during the dark period were
not correlated (P.0·05) to UCP2 mRNA expression levels.

Discussion

To our knowledge, the present study is the first to evaluate
the effects of in utero and early postnatal dietary protein
concentrations on body composition, physical activity and
adipose mRNA abundance in felines. Diets were formulated
using ingredients intended to mimic commercially available
feline diets, with primary focus on dietary protein. Despite
our primary interest in dietary protein concentration, we
acknowledge slight differences in other dietary constituents
(dietary fat and fibre concentration and/or source) that may
have also influenced the outcome variables measured in the
present study.

Because both diets met established nutrient requirements
of weanling kittens and pregnant and lactating cats, differ-
ences in kitten birth weight were not expected. Food intake
increased over time to support growth, but did not differ
due to diet.

Serum TAG decreased from 2 to 6 months of age. Because
blood TAG concentrations are heavily dependent on time from
last meal, this change may have been due to the differences in
time of food restriction at 2 months v. 6 months. To limit
the time away from the dam and minimise stress, food was
withdrawn from kittens for 4 h before blood collection,
while at 6 months, food was withdrawn from kittens for
12 h. Blood indices associated with protein intake, total
protein and albumin, were greater in kittens consuming HP.
Total protein concentrations (40 g/l) were within the normal
reference range for cats, but albumin was slightly above
the feline reference range (27–38 g/l) in HP-fed cats(25,26).

Table 2. Blood metabolites and hormones of male kittens fed a high-
carbohydrate (HC) or high-protein (HP) diet at 6 months of age

Item HC HP SEM P value

NEFA (mEq/l) 0·8 1·0 0·10 0·09
TAG (mmol/l) 0·36 0·44 0·071 0·003
Leptin (ng/ml) 4·7 2·8 0·50 0·02
Total protein (g/l) 65·0 71·0 0·90 0·0004
Albumin (g/l) 36·0 40·0 0·69 0·001
Calcium (mmol/l) 2·6 2·7 0·04 0·01
Chloride (mmol/l) 115·6 113·9 0·52 0·03
Alanine aminotransferase (U/l) 38·9 46·3 2·79 0·08
Glucose (mmol/l) 4·6 4·1 0·13 0·01
Creatinine (mmol/l) 88·4 8·4 4·42 0·84
BUN (mmol/l) 9·7 10·1 0·83 0·76

BUN, blood urea nitrogen.

Table 3. Physical activity levels of male kittens fed a high-carbohydrate (HC) or high-protein (HP)
diet at 6 and 9 months of age*

P value

Item HC HP SEM Diet Age Diet£Age

Activity during the light period 0·61 0·87 0·80
6 months 21·5 23·2 4·96
9 months 20·9 26·2 4·90

Activity during the dark period 0·09 0·95 0·86
6 months 26·1 43·1 6·34
9 months 28·4 42·0 6·27

Average activity levels 0·23 0·92 0·99
6 months 23·8 33·2 5·57
9 months 24·6 34·1 5·51

Activity ratio, light:dark ,0·01 0·37 0·46
6 months 0·87 0·56 0·066
9 months 0·76 0·55 0·066

* Activity levels defined as arbitrary units referred to as ‘activity counts.’ Data compiled by activity collars by Actical
software. Activity is presented in activity counts per epoch (epoch length ¼ 0·25 min). Values represent the
mean epoch activity counts over 7 d, during the selected hours (e.g. light hours, dark hours, average throughout
entire day). Cats were maintained on a strict exercise schedule. Cats were pair- or triple-housed in cages during
the following times: 08.00–09.00, 10.00–12.00, 15.00–19.00 hours, at which time they had ad libitum access to
food. At all other times, cats were allowed to exercise together with no food available.
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Creatinine and blood urea nitrogen concentrations were not
different between groups.

At 6 and 9 months of age, kittens fed HP had consistently
numerically higher physical activity levels during the dark
period and total average activity levels as compared with the
kittens fed HC; however, this was not statistically significant.
The ratio of light:dark activity in kittens fed HP was lower
(P,0·05) than kittens fed HC. A recent rat study determined
that prenatal HP exposure led to decreased total energy expen-
diture, with differences being attributed to HP intake related
changes in thermogenesis or physical activity(12). The high
thermal effect of protein consumption has been documented
in cats(6); however, very little research has quantitatively
measured physical activity in cats fed diets containing differ-
ing macronutrient concentrations. Recent survey research

suggests that decreased physical activity may be a risk
factor for the development of feline diabetes(27). Because
increased physical activity would be expected to have
beneficial effects on overall health, further evaluation of
dietary protein concentration and physical activity in cats
is warranted.

Activity counts tended to be greater in HP-fed cats during
the dark period. One possible explanation may be that cats
were given access to food for 4 h immediately before the
dark period, and the higher thermal effect of protein may
have led to HP-fed cats being more active postprandially.

Increases in body fat mass and lean mass occurred over
time due to the normal growth of kittens. Kittens fed HP
tended to have greater lean body mass than kittens fed HC
throughout the study, which was similar to Laflamme &
Hannah(7), who reported that cats fed a HP diet were able to
maintain lean body mass during weight loss. At 2 months of
age, it was noted that kittens fed HP had a higher proportion
of BW from fat mass; however, there was no statistical differ-
ence in BW (1·16 kg (HP) v. 0·97 kg (HC)). At 2 months of
age, kittens had access to the kibble diet, but were still
nursing from the dam as well. The greater fat mass in
HP-fed kittens may have been due to a greater intake of diet,
greater intake of milk or litter size (HP: 4·0 kittens/litter; HC:
4·75 kittens/litter).

Another theory as to the greater adiposity of HP-fed kittens
is the link between protein intake and insulin-like growth
factor 1. Greater adipose tissue insulin-like growth factor 1
mRNA abundance(28) has been reported in pigs fed increasing
dietary protein. Along with several adipokines, insulin-like
growth factor 1 plays a role in the proliferation of adipose
tissue(29). Gene expression of insulin-like growth factor 1
was not evaluated in the present study; however, this may
be of interest in further studies when the feline mRNA
sequence becomes available.

A study evaluating body composition in young, growing
cats, reported an average of 16 % body fat mass in kittens
aged 4–5 months(30), which was similar to the HP kittens in
the present study (16·8 % body fat). Given that the only
food source until 2 months of age was the dam’s milk, differ-
ences in body composition may be attributable to the effect of
diet on milk production rather than the diet alone. It is possible
that dams fed the HP diet were more capable of supporting
milk production than those fed HC. Interestingly, there was
no difference in body fat by 8 months of age, indicating that
the effect at 2 months of age was more likely due to factors
such as milk content of the dam, litter size, etc., than dietary
protein concentration. This was not consistent with our
hypothesis that HP-fed cats would have a decreased adipose
tissue deposition. Body composition data at 8 months suggest
that food intake has a greater influence on the body compo-
sition of cats than dietary macronutrient composition. There-
fore, similar food intake between HP and HC resulted in
similar body fat mass.

Low prenatal dietary protein consumption by pregnant rats
has been reported to result in metabolic changes and obesity in
the offspring later in life. Research in animals consuming HP
diets is, however, more limited. Nine day old rat offspring
from dams fed a HP (40 % CP) diet during the prenatal
period had greater fat body mass and lower energy expendi-
ture(12). Further work in rats noted sex-dependent effects in

Fig. 3. Intravenous glucose tolerance test of male kittens fed a high-

carbohydrate (HC) or high-protein (HP) diet at 8 months of age. Blood

glucose concentrations ( , HC glucose; , HP glucose) were greater at

15 min in HP-fed cats when compared with HC-fed cats. Blood insulin con-

centrations ( , HC; , HP) did not differ between diets. Pooled standard

error of the mean (SEM) for glucose ¼ 0·67. Pooled SEM for insulin ¼ 5·25.

* Difference (P,0·05) due to diet.

Table 4. Body composition of male kittens fed a high-carbohydrate
(HC) or high-protein (HP) diet at 2 and 8 months of age

P value

Item HC HP SEM Diet Age Diet£Age

Fat (g) 0·43 0·0001 0·97
2 months 94 167 84·4
8 months 986 1051 84·4

Lean (g) 0·09 0·0001 0·69
2 months 681 823 102·7
8 months 3356 3583 102·7

BMC (g) 0·58 0·0001 0·93
2 months 2 4 3·8
8 months 55 58 3·8

Fat (%) 0·07 0·0001 0·05
2 months 12 17 1·2 0·01
8 months 22 22 1·2 0·88

Lean (%) 0·06 0·0001 0·05
2 months 88 83 1·2 0·01
8 months 77 77 1·2 0·94

BMC (%) 0·44 0·0001 0·18
2 months 0 0 0·1
8 months 1 1 0·1

BMC, bone mineral content.
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offspring of dams consuming a HP diet(31). At 22 week of age,
male offspring of dams fed the HP diet had greater blood
pressure; in contrast, female offspring had greater fat pad
mass(31). Conversely, a linear decrease in fat accretion with
increasing dietary protein concentrations has been reported
in growing pigs(9). It should also be noted that rats and pigs
are omnivorous species, and therefore may not react similarly
to obligate carnivores. The long-term effects HP diets have on
offspring have yet to be elucidated fully.

Diet did not influence insulin sensitivity as measured by
IVGTT in the present study, with all glucose and insulin
values present within normal ranges for normal weight
cats(32). These results were consistent with previous studies
evaluating the use of HP diets on insulin sensitivity(6,33).
Insulin sensitivity was not changed due to diet in obese(6)

or normal-weight cats(6,33). It has been noted that weight
gain may be the main effecter of insulin sensitivity or insulin
resistance(34 – 36).

Adipose tissue mRNA abundance revealed several changes
occurring in adipose tissue, which were not evident by other
physiological measurements. Gene transcripts may change
rapidly in tissue and provide a snapshot of the metabolic
processes occurring at that time. Interesting changes in HSL,
IR and UCP2 were noted in kittens fed HP v. HC that
warrant further research. Most notably, the expression of

genes associated with insulin signalling and lipid catabolism
tended to be greater in kittens fed HP.

Adipose adiponectin mRNA was not statistically significant
(P¼0·15); however, large numerical differences were noted.
Adiponectin plays a role in insulin sensitivity and has anti-
inflammatory functions. Circulating adiponectin is generally
decreased with obesity and increases upon weight loss, with
this pattern being noted in a past feline studies(6). Furthermore,
high plasma adiponectin concentrations during obesity are
thought to increase insulin sensitivity. Blood adiponectin
concentrations were not measured in the present study and
were not affected by a HP diet in a previous study(6). Because
there was no difference in IVGTT measurements and tissue
adiponectin concentrations were not measured in the present
study, the relevance of adipose tissue adiponectin mRNA
requires further study.

Adipose tissue IR mRNA was greater in kittens consuming
HP. Similar to adiponectin, decreased IR gene expression may
contribute to decreased insulin sensitivity and insulin resist-
ance. Thus, greater expression would appear to be beneficial.
Given that there were no differences in glucose tolerance at
8 months of age, however, it does not appear that the IR
mRNA expression levels were beneficial in HP-fed kittens.
Further, research in obese v. lean cats fed HP diets may
elucidate this action further.

Hormone-sensitive lipase and UCP2 mRNA was greater in
kittens fed HP. Greater HSL may have occurred because
HP-fed kittens consumed less digestible carbohydrate
(10·8 %, 25 % of energies on ME basis). Because no differ-
ences were noted in lipoprotein lipase mRNA levels, it
suggests an increase in lipid catabolism in the HP-fed kittens.

Uncoupling protein 2 is involved with increased energy
expenditure and is often upregulated during excess energy
intake or high-fat feeding. UCP 1 and 2 were upregulated in
brown adipose tissue of rats fed a HP diet compared to
those fed a medium-protein or adequate-protein diet(37). That
finding was also positively correlated with energy expenditure
(VO2) during the dark period (12 h light–dark cycle)(37). It
was suggested that UCP2 plays a role in substrate oxidation
and therefore the thermogenic effect of consuming protein.
These metabolic changes occur rapidly, as feeding a HP diet
to rats for a short period of time (4 d) resulted in more activity
during the dark period(38). Adipose UCP2 mRNA expression
was not measured in that study, and the short period of HP
consumption did not alter adipose tissue mass.

Pigs fed a diet containing 18 % compared with 12 % CP had
greater blood NEFA and TAG concentrations, and greater
UCP2 expression in subcutaneous adipose tissue(8), similar

Table 6. Relative adipose tissue mRNA abundance (arbitrary units) of
male kittens fed a high-carbohydrate (HC) or high-protein (HP) diet at 8
months of age

Item HC HP SEM P value

Adiponectin 153·9 327·3 79·46 0·15
Chemokine receptor 5 174·9 257·6 17·36 0·005
Oestrogen receptor 1 132·1 156·4 15·01 0·27
GLUT1 64·4 76·6 6·57 0·21
GLUT4 25·9 30·0 3·95 0·47
Hormone-sensitive lipase 134·5 205·4 18·18 0·02
Insulin receptor 77·6 109·7 7·56 0·01
IL-1 239·5 130·3 95·78 0·43
IL-6 100·1 136·4 25·71 0·34
Leptin 151·4 233·3 20·56 0·01
Lipoprotein lipase 96·8 126·7 22·36 0·36
Monocyte chemotactic protein 1 106·3 113·4 27·62 0·86
Plasminogen activator inhibitor 1 87·6 128·0 26·33 0·30
PPARg1 213·5 229·7 48·11 0·82
PPARg2 185·3 211·0 27·17 0·52
Toll-like receptor 4 29·3 25·9 7·71 0·76
TNF-a 132·3 151·3 23·6 0·58
Uncoupling protein 2 102·6 132·1 9·62 0·05
Vascular endothelial growth factor 105·1 128·7 9·74 0·11

Table 5. Intravenous glucose tolerance test indices of male kittens fed a high-carbohydrate (HC)
or high-protein (HP) diet at 8 months of age

Item HC HP SEM P value

One half glucose disappearance* (min, t1/2glucose) 74·8 64·5 12·01 0·55
Rate of glucose disappearance* (Kglucose, %/min) 1·1 1·1 0·11 0·61
Glucose area under the curve (mmol/l £ min) 1051·8 1113·7 42·61 0·33
Insulin area under the curve (mmol/l £ min) 3906·4 4004·4 369·85 0·85
Peak insulin time (min) 9·3 8·9 1·64 0·85
Fasting glucose (mmol/l) 4·4 4·4 0·18 0·95
Fasting insulin (pmol/l) 24·1 23·1 2·50 0·79

* Glucose disappearance (t1/2) and rate of glucose disappearance calculated according to Appleton et al. (32).
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to findings reported here. Physical activity, however, was not
measured in that study. Although a significant correlation
between UCP2 mRNA expression and activity counts during
the dark period were not noted in the present study, it might
have contributed through a thermogenic mechanism. UCP2
has also been reported to increase adipose adiponectin gene
expression and circulating protein concentration in UCP2-null
mice and 3T3-L1 fibroblasts, thereby indicating an influence
on insulin sensitivity(39).

Genes associated with inflammation have been reported
previously to be greater in adipose tissue of obese animals
and human subjects. During obesity, adipose tissue secretes
higher inflammatory cytokines levels, leading to a low-level
inflammatory state that contributes to several metabolic
problems and insulin resistance. Chemokine receptors are
thought to play a role in inflammatory response, immune
response and leucocyte chemotaxis. CCR5 in particular
plays a role in macrophage recruitment and has been reported
to increase with obesity and inflammation. Its complete
biological function in adipose tissue, however, is not well
understood. Greater CCR5 mRNA of HP-fed kittens may
have been an indicator of increased macrophage populations
and potential inflammation in cats fed HP. However, there
were no changes in mRNA concentrations of other inflamma-
tory cytokines (e.g. IL-1, IL-6, TNF-a) measured in the
present study. Monocyte chemoattractant protein-1, a ligand
of CCR5, has been suggested to play a role in adipose tissue
remodelling(40), but was unchanged in the present study.
Vascular endothelial growth factor is also upregulated
during tissue remodelling and was numerically greater
(P¼0·11) in HP-fed cats. Because IL-1, IL-6 and TNF-a
were unchanged, we hypothesise that the greater CCR5
mRNA was related to its role in tissue remodelling.

Despite observing no differences in BW or body compo-
sition at 8 months, leptin mRNA was greater in kittens fed
HP; however, plasma leptin concentrations were higher in
kittens fed HC. The greater leptin mRNA expression yet
lower circulating leptin concentrations in HP-fed kittens may
have been due to downstream differences in post-transcrip-
tional processes (e.g. RNA editing or processing, translation,
etc). A positive correlation (r 2 0·388; P,0·0001) between
adipose leptin gene expression and serum concentrations has
been noted in some human subjects studies(41), but has not
been consistently reported. For example, although serum
leptin concentrations decreased in women after 33 week of
weight loss, adipose leptin mRNA was increased(42). Those
authors did not provide an explanation to this discrepancy
and diets consumed during this period were not defined.
In the present study, greater leptin mRNA may have been a
response to the low concentrations present in the blood,
thereby increasing gene expression to produce more leptin
protein; however, it remains unclear at this time.

Decreased circulating leptin has been suggested as an
indicator of increased leptin sensitivity in animals or people
consuming HP diets. For example, people with the metabolic
syndrome fed a low-carbohydrate diet have been reported to
have decreased blood leptin levels(43). Those authors
suggested that the decreased blood leptin was due to increased
leptin sensitivity; however, unlike the present study in which
BW was maintained or increasing, those individuals also
lost body fat during that study.

The release of leptin is also believed to be modified by
glucose metabolism. Mueller et al. (44) noted the amount of
leptin secreted is proportional to the amount of glucose
metabolised by the adipose tissue. This is consistent with
the results reported in the present study, with HC-fed cats
having higher circulating leptin concentrations than HP-fed cats.

In conclusion, in utero and postnatal exposure to a HP diet
appears to increase blood metabolite and hormone concen-
trations (e.g. TAG, protein, albumin) without changes in
blood urea nitrogen or creatinine. Furthermore, postnatal
exposure to a HP diet increased light:dark ratio of physical
activity and adipose mRNA abundance of HSL, IR, leptin
and UCP2. Diet- and age-induced changes in adipose tissue
gene expression are of great interest in regards to obesity
research. Because maternal nutritional status has been shown
to cause life-long changes in metabolism in other species,
further study of these cats throughout adulthood in our
colony may shed light on the effects of exposure to a
HP diet during early development. These results may have
implications on feline diets formulated for cats during repro-
duction and rapid growth. Furthermore, research focused on
the effects of exposing kittens to a HP diet to kittens in utero
is therefore warranted.

Acknowledgements

Author K. J. L. is employed by Natura Manufacturing, Inc.,
the funding company. There are no other conflicts of interest.
Funding for the present study was provided by Natura
Manufacturing, Inc. B. M. V. was in charge of executing the
experiment, analysing data, compiling results and writing
the manuscript. K. J. L. was responsible for designing the
experiment and reviewing the manuscript. T. L. K. was
responsible for helping with executing the experiment.
T. K. G. was responsible for helping execute the experiment,
review of analysis and review of the manuscript. K. S. S. was
responsible for monitoring the execution of the experiment
and data analysis as well as manuscript writing and review.

References

1. Morris JG (2002) Idiosyncratic nutrient requirements of cats

appear to be diet-induced evolutionary adaptations. Nutr Res

Rev 15, 153–168.

2. Harper AE (1965) Effect of variations in protein intake on

enzymes of amino acid metabolism. Can J Biochem 43,

1589–1603.

3. Krebs HA (1972) Some aspects of the regulation of fuel supply

in omnivorous animals. Adv Enzyme Regul 10, 397–420.

4. Rogers QR, Morris JG & Freedland RA (1977) Lack of hepatic

enzymatic adaptation to low and high levels of dietary protein in

the adult cat. Enzyme 22, 348–356.

5. Simpson SJ & Raubenheimer D (2005) Obesity: the protein

leverage hypothesis. Obes Rev 6, 133–142.

6. Hoenig M, Thomaseth K, Waldron M, et al. (2007) Insulin sen-

sitivity, fat distribution, and adipocytokine response to different

diets in lean and obese cats before and after weight loss. Am J

Physiol 292, R227–R234.

7. Laflamme DP & Hannah SS (2005) Increased dietary protein

promotes fat loss and reduces loss of lean body mass during

weight loss in cats. Int J Appl Res Vet Med 3, 62–68.

Early exposure diet affects kittens 1143

B
ri
ti
sh

Jo
u
rn
al

o
f
N
u
tr
it
io
n

https://doi.org/10.1017/S0007114509371652  Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/S0007114509371652


8. Ramsay TG & Mitchell AD (2008) Impact of dietary protein

content on uncoupling protein mRNA abundance in swine.

Comp Biochem Physiol 149, 562–571.

9. Caperna TJ, Komarek DR, Gavelek D, et al. (1991) Influence of

dietary protein and recombinant porcine somatotropin adminis-

tration in young pigs: II. Accretion rates of protein, collagen,

and fat. J Anim Sci 69, 4019–4029.

10. Erhuma A, Salter AM, Sculley DV, et al. (2007) Prenatal exposure

to a low-protein diet programs disordered regulation of lipid

metabolism in the aging rat. Am J Physiol 292, E1702–E1714.

11. Burt BE, Hess BW, Nathanialsz PW, et al. (2007) Flock differ-

ences in the impact of maternal dietary restriction on offspring

growth and glucose tolerance in female offspring. Soc Reprod

Fertil Suppl 64, 411–424.

12. Daenzer M, Ortmann S, Klaus S, et al. (2002) Prenatal high-

protein exposure decreases energy expenditure and increases

adiposity in young rats. J Nutr 132, 142–144.

13. Association of American Feed Control Officials (2005) Official

Publication of the Association of American Feed Control

Officials. Oxford, IN: Association of American Feed Control

Officials, Inc.

14. Zoran DL (2002) The carnivore connection to nutrition in cats.

JAVMA 221, 1559–1567.

15. Belsito KR, Vester BM, Keel T, et al. (2009) Impact of

ovariohysterectomy and food intake on body composition,

physical activity, and adipose gene expression in cats. J Anim

Sci 87, 594–602.

16. Association of Official Agricultural Chemists (1984) Official

Methods of Analysis, 14th ed. Washington, DC: Association of

Official Analytical Chemists.

17. Association of Official Agricultural Chemists (1995) Official

Methods of Analysis, 15th ed. Washington, DC: Association of

Official Analytical Chemists.

18. American Association of Cereal Chemists (1983) Approved

Methods, 8th ed. St Paul, MN: American Association of

Cereal Chemists.

19. Budde EF (1952) The determination of fat in baked biscuit type

of dog foods. J Assoc Off Agric Chem 35, 799–805.

20. Prosky L, Asp NG, Schweizer TF, et al. (1992) Determination

of insoluble and soluble dietary fiber in foods and food

products: Collaborative study. J AOAC Int 75, 360–367.

21. Speakman JR, Booles D & Butterwick R (2001) Validation of

dual energy X-ray absorptiometry (DXA) by comparison with

chemical analysis of dogs and cats. Int J Obes Relat Metab

Disord 25, 439–447.

22. Lascelles BD, Hansen BD, Thomson A, et al. (2008) Evaluation of

a digitally integrated accelerometer-based activity monitor for the

measurement of activity in cats. Vet Anaesth Analg 35, 173–183.

23. Hoenig M, Alexander S, Holson J, et al. (2002) Influence of

glucose dosage on interpretation of intravenous glucose toler-

ance tests in lean and obese cats. J Vet Intern Med 16, 529–532.

24. Zini E, Linscheid P, Franchini M, et al. (2009) Partial sequencing

and expression of genes involved in glucose metabolism in adipose

tissues and skeletal muscle of healthy cats. Vet J 180, 66–70.

25. Merck (2005) Merck Veterinary Manual [CM Kahn, editor].

Whitehouse Station, NJ: Merck & Co.

26. Reynolds BS, Boudet KG, Germain CA, et al. (2008) Determi-

nation of reference intervals for plasma biochemical values in

clinically normal adult domestic shorthair cats by use of a

dry-slide biochemical analyzer. Am J Vet Res 69, 471–477.

27. Slingerland LI, Fazilova VV, Plantinga EA, et al. (2009)

Indoor confinement and physical inactivity rather than the

proportion of dry food are risk factors in the development of

feline type 2 diabetes mellitus. Vet J 179, 247–253.

28. Brameld JM, Atkinson JL, Saunders JC, et al. (1996) Effects of

growth hormone administration and dietary protein intake on

insulin-like growth factor I and growth hormone receptor

mRNA expression in porcine liver, skeletal muscle, and adipose

tissue. J Anim Sci 74, 1832–1841.

29. Hausman DB, DiGirolamo M, Bartness TJ, et al. (2005)

The biology of white adipose tissue proliferation. Obes Rev 2,

239–254.

30. Lauten SD, Cox NR, Baker GH, et al. (2000) Body composition

of growing and adult cats measured by use of dual energy X-ray

absorptiometry. Comp Med 50, 175–183.

31. Thone-Reineke C, Kalk P, Dorn M, et al. (2006) High-protein

nutrition during pregnancy and lactation programs blood

pressure, food efficiency, and body weight of the offspring in

a sex-dependent manner. Am J Physiol 291, R1025–R1030.

32. Appleton DJ, Rand JS, Priest J, et al. (2001) Determination of

reference values for glucose tolerance, insulin tolerance, and

insulin sensitivity tests in clinically normal cats. Am J Vet Res

62, 630–636.

33. Leray V, Siliart B, Dumon H, et al. (2006) Protein intake does

not affect insulin sensitivity in normal weight cats. J Nutr 136,

2028S–2030S.

34. Fettman MJ, Stanton CA, Banks LL, et al. (1998) Effects of

weight gain and loss on metabolic rate, glucose tolerance, and

serum lipids in domestic cats. Res Vet Sci 64, 11–16.

35. Wilkinson CE, Long RC Jr, Waldron M, et al. (2004) Assess-

ment of the influence of fatty acids on indices of insulin sensi-

tivity and myocellular lipid content by use of magnetic

resonance spectroscopy in cats. Am J Vet Res 65, 1090–1099.

36. Hoenig M, Thomaseth K, Brandao J, et al. (2006) Assessment

and mathematical modeling of glucose turnover and insulin

sensitivity in lean and obese cats. Domest Anim Endocrinol

31, 373–389.

37. Petzke KJ, Friedrich M, Metges CC, et al. (2004) Long-term

dietary high-protein intake up-regulates tissue specific gene

expression of uncoupling proteins 1 and 2 in rats. Eur J Nutr

44, 414–421.

38. Petzke KJ, Riese C & Klaus S (2007) Short-term, increasing

dietary protein and fat moderately affect energy expenditure,

substrate oxidation and uncoupling protein gene expression in

rats. J Nutr Biochem 18, 400–407.

39. Chevillotte E, Giralt M, Miroux B, et al. (2007) Uncoupling

protein-2 controls adiponectin gene expression in adipose

tissue through the modulation of reactive oxygen species

production. Diabetes 56, 1042–1050.

40. Bourlier V, Zakaroff-Girard A, Miranville A, et al. (2008)

Remodeling phenotype of human subcutaneous adipose tissue

macrophages. Circulation 117, 806–815.

41. Knerr I, Herzog D, Rauh M, et al. (2006) Leptin and ghrelin

expression in adipose tissues and serum levels in gastric banding

patients. Eur J Clin Invest 36, 389–394.

42. Lappalainen T, Kolehmainen M, Schwab U, et al. (2008) Serum

concentrations and expressions of serum amyloid A and leptin

in adipose tissue are interrelated: The Genobin Study. Eur J

Endocrinol 158, 333–341.

43. Hayes MR, Miller CK, Ulbrecht JS, et al. (2007) A

carbohydrate-restricted diet alters gut peptides and adiposity

signals in men and women with metabolic syndrome. J Nutr

137, 1944–1950.

44. Mueller WM, Gregoire FM, Stanhope KL, et al. (1998)

Evidence that glucose metabolism regulates leptin secretion

from cultured rat adipocytes. Endocrinology 139, 551–558.

45. National Research Council (2006) Nutrient Requirements of

Dogs and Cats. Washington, DC: National Academies Press.

B. M. Vester et al.1144

B
ri
ti
sh

Jo
u
rn
al

o
f
N
u
tr
it
io
n

https://doi.org/10.1017/S0007114509371652  Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/S0007114509371652

